Abstract: Phosphorylation is one of the most important and ubiquitous modifications in eukaryotic cells. This covalent modification is a major signaling pathway in living beings. A vast array of cellular events, such as proliferation, differentiation, metabolism, signal transduction, and adaptation to environmental stress, and the function of many proteins, hormones, neurotransmitters, and enzymes, are triggered by phosphorylation. For understanding highly interconnected regulatory network, it is essential to identify and quantify phosphoproteins in biological specimens. Currently, this task is accomplished by mass spectrometry-driven phosphoproteomics. This article outlines recent developments in the analysis of phosphoproteins, specifically, the enrichment, detection, identification, and quantification of phosphopeptides/phosphoproteins.
INTRODUCTION
Proteins are biopolymers formed by linking amino acids in a linear fashion through amide bonds. They play critical roles in a variety of biological processes in all forms of life. In the body, they are produced by translation of the genetic information. During transport of the nascent proteins to various intercellular locations, certain amino acids are modified via covalent attachment of some functional groups. Over 300 post-translational modifications (PTMs) of proteins have been discovered; among them phosphorylation is one of the most important and ubiquitous modifications in eukaryotic cell. During their life span, as many as 30-60% of all proteins have existed as phosphoproteins. Serine, threonine, and tyrosine residues are the common sites of phosphorylation, with serine being the most modified residue (Reinders and Sickmann, 2005) . The OH group of these residues is replaced by a phosphate group, increasing the residue mass by 80 Da. Phosphorylation is mediated by phosphotransferase enzymes, called protein kinases, which constitute the largest single enzyme family in the human genome. A variety of kinases are known that are capable of phosphorylating more than one protein substrate. Phosphorylation is a reversible process; dephosphorylation of phosphoproteins is triggered by specific enzymes, known as protein phosphatases. Malfunction of protein kinases and phosphatases often has dramatic implications that might lead to diseases like cancer and Alzheimer. The study of phosphorylation has allowed significant advances in cell signaling pathways and networks. It is now well-understood that phosphorylation plays several critical roles in vast arrays of cellular processes, including proliferation, differentiation, metabolism, signal transduction, and adaptation to environmental stress, and in the function of many proteins, hormones, neurotransmitters, and enzymes. An abnormal regulation of phosphorylation often leads to diseases.
*Address correspondence to this author at the Department of Chemistry, JM Smith Building, The University of Memphis, Memphis, TN 38152, USA; Tel: 901-678-2628; Fax: 901-678-3447; E-mail: cdass@memphis.edu Understanding of the highly interconnected regulatory network requires identifying, cataloging, and quantitating protein phosphorylation. Mass spectrometry-driven current protocols of phosphoproteomics are becoming highly valuable in achieving these objectives (Dass, 2000 (Dass, , 2007 2009a) . Phosphoproteomics is a sub-field of proteomics that deals with comprehensive analysis of phosphoproteome-the entire complement of phosphoproteins in biological systems, including detection of all phosphoproteins, location of the exact site of phosphorylation, and quantification of differentially expressed phosphoproteins. This article outlines the latest trends in mass spectrometry analysis of phosphoproteins.
MASS SPECTROMETRY AND PHOSPHOPRO-TEOMICS
Because phosphorylation and other PTMs are not coded by genes, their location in the protein sequence cannot be predicted; they must be analyzed directly by a suitable analytical approach. Phosphorylation is a complex PTM event. Therefore, despite the advantages of sensitivity, specificity, and faster analysis time, mass spectrometric characterization of phosphorylation has been a formidable challenge. Several factors contribute to experimental difficulties, notably among them are low stoichiometry of phosphoproteins in biological samples, hydrophilic character of the phosphate group that may cause some phosphopeptides to get lost in the void volume during reversed-phase (RP)-liquid chromatography (LC) separation, suppression of ionization in the presence of other proteins/peptides, reduced peptide backbone fragmentation during collision-induced dissociation (CID) of phosphopeptide ions, and multifarious nature of phosphorylation. Moreover, phosphorylation does not occur to the same extent at all potential sites, with serine undergoing extensive phosphorylation as compared to threonine and tyrosine.
Current protocol for characterization of phosphorylation has moved away from traditional approaches that required protein purification by one-(1-DE) or two-dimensional gel electrophoresis (2-DE), and identification through specific antibodies or 32 P-labeling (Zhao et al., 1989) . Prior to the integrated proteomics approach, several mass spectrometry techniques were developed to analyze phosphopeptides in complex mixtures. Until few years back, the purified protein was cleaved and phosphopeptides were identified by mass spectrometry analysis through fast atom bombardment (FAB)-MS (Dass and Mahalakshmi, 1995; Gibson et al., 1987) , peptide mapping, phosphatase treatment, and selective monitoring of the phosphate group marker ion of m/z 79 formed in the ESI ion source (Huddleston, et al., 1993; Zhu and Dass, 1999) . Sites of phosphorylation could be revealed by CID-MS/MS analysis.
Recent advances made in isolation and enrichment of phosphopeptides and in mass spectrometric detection have revolutionized the whole thinking of phosphoprotein identification. Currently, it has become feasible to analyze proteins and in particular phosphoproteins on a large-scale using proteomic approach (Collins et al., 2007; Dass, 2007 Dass, , 2009a Paradela and Albar, 2008; Reinders and Sickmann, 2005; Rossignol, 2006; Salih, 2005; Temporini et al., 2008; Zahedi et al., 2006) . A general protocol for mass spectrometricbased phosphoproteomics is illustrated in Fig. (1) . As with the proteome analysis, the identification of phosphoproteomes can be approached in the following three ways:
(a) Top-Down Approach
It refers to mass spectrometry analysis of intact protein; that is, proteins are analyzed directly without digesting them to small-size accessible peptides (Kelleher, 2004; Breuker et al., 2008) . The molecular weight (M r ) and amino acid sequence of proteins are obtained, preferably with Fouriertransform (FT)-ion cyclotron resonance (ICR)-, orbitrap-, or linear-ion trap (LIT)-based high-resolution tandem mass spectrometers. Phosphoproteins are ionized via ESI and fragmented via more efficient electron-transfer dissociation (ETD) or electron-capture dissociation (ECD) processes. Because of sudden transfer of a large amount of energy, extensive fragmentation occurs in the protein backbone with phospho group remaining intact with the sequence ion, providing more sequence coverage and the identity of the phosphorylation site. The protein is characterized by matching the molecular and fragment ion mass values with the database entries. A ProSight algorithm has been developed for this purpose (Taylor et al., 2003) .
(b) Enrichment and purIfication of Phosphoproteins Prior to Digestion
In this "bottom-up" approach, mass spectrometry is performed on digested peptides. However, phosphoproteins are selectively enriched and purified prior to cleaving into peptides. An effective protein-level enrichment strategy is to use metal oxide affinity chromatography (MOAC) (Wolschin et al., 2005a) . Commercial kits (e.g., Pro-Q Diamond resin from Invitrogen) have become available for purification of phosphoproteins (Kristjansdottir et al., 2008) . The isolated phosphoproteins are purified by polyacrylamide gel electrophoresis either in the 1D-or 2D-format (i.e., in combination with IEF); visualization of separated phosphoproteins is accomplished by staining the gel with Pro-Q diamond fluorescent dye (Agrawal and Thelen, 2005; Steinberg et al., 2003; Schulenberg et al., 2004) . This highly sensitive dye obviates the need for blotting, immunoprecipitation or labeling with antibodies. Optimal sensitivity is achieved at an excitation wavelength of 555 nm and an emission wavelength of 580 nm. The identified phosphoprotein spots are excised from the gel and in situ digested. The resulting peptides are extracted and subjected to preferential enrichment/isolation of phosphopeptides, followed by MALDI-TOF-MS or -MS/MS analysis. Finally, database search identifies phosphopeptides/phosphoproteins. Reports of the protein-level preenrichment of phosphoproteins by immobilized metal ions affinity chromatography (IMAC) (Cantin et al., 2008) and analysis of phosphopeptides by liquid chromatography (LC)-tandem mass spectrometry (MS/MS) have also emerged. Immunoprecipitation by specific antibodies is the other proposition for selective isolation of phosphoproteins. Immunoprecipitation of phosphotyrosine-containing proteins (Pandey et al., 2000; Marcus et al., 2003) is more common than phosphoserine-and phosphothreonine-containing proteins (Gronborg, et al., 2002) .
(c) Shotgun Phosphoproteomics
Shotgun proteomics is currently more popular for phosphoproteome analysis (Hoffert and Knepper, 2008) . It is also a "bottom-up" strategy, but enrichment of phospho-species is performed post-digestion of the sample homogenate. Various steps of shotgun proteomics, shown in Fig. (2) , are upstream proteolytic digestion of the protein sample with trypsin or another site-specific protease, isolation and preferential enrichment of phosphopeptides from non-phosphorylated peptides, selective detection of phosphopeptides in the digest using on-line LC-MS/MS and -MS 3 , which involves obtaining a full-scan mass spectrum, isolation of the precursor ion and acquisition of its MS/MS spectrum, and identification of phosphopeptides/proteins through database search; if required an additional stage of MS/MS analysis of the neutralloss peak (M + H -98) + is also performed. The LC-MS/MS frequently uses multidimensional LC for separation of phosphopeptides (Montoya and Yates, 2008) . Details of these steps are provided in the following discussion.
SAMPLE HOMOGENIZATION
Protein samples are homogenized in nondenaturing buffers, such as Tris, phosphate-buffered saline (PBS), or sucrose-triethanolamine, each additionally contains protease and phosphatase inhibitor cocktails. To those samples that are required for differential studies of signaling pathways, kinase inhibitors are also added. Prior to proteolytic cleavage, these buffers are exchanged with denaturing buffer containing chaotropic agents. Ionic detergents (e.g., SDS) if used in digestion, must be removed prior to MS analysis.
DIGESTION OF PHOSPHOPROTEINS
A diverse collection of proteases with broad specificity has become available for digestion of the sample containing phospho-and nonphosphoproteins into small manageable peptide fragments. These proteases include trypsin, endoproteinase Lys-C, endoproteinase Arg-C, and endoproteinase Glu-C. Among these, trypsin is the most preferred enzyme for mass spectrometry-based proteome analysis; it cleaves a bond C-terminal to lysine and arginine. Digestion is performed in a buffer system that is friendly to mass spectrometry analysis; for example in 50 mM ammonium bicarbonate, which can be easily removed from the solution. Often, enzymatic cleavage is hampered when a phosphoamino acid is present in the vicinity of the site of cleavage (e.g., R/K-XpSer/pThr); this situation can be managed by using a different enzyme. Chemical cleaving agents are also at the disposal of researchers, notably among them is cyanogen bromide, which cleaves an amide bond on the C-terminal side of methionine.
A notable development that can engender the cleavage process is chemical tagging of phosphoamino acids. In one such derivatizing scheme, phosphoserine and phosphothreonine in the peptides are first converted to dehydroalanine and -methyldehydroalanine through base-catalyzed -elimination reaction and then to aminoethylcysteine andmethylaminoethylcysteine by Michael addition with cysteamine (Knight et al., 2003) . These products, being isosteric with lysine, can be easily cleaved with lysine-specific proteases. An additional advantage of this strategy is that the Cterminal residue of the cleaved peptides is always the original site of phosphorylation, which can be recognized through the identity of the y 1 sequence-specific ion in the MS/MS spectrum.
ENRICHMENT AND ISOLATION OF PHOSPHOPEP-TIDES
To overcome the problems of sub-stoichiometry and ionsuppression effects, multi-pronged strategies have been developed for preferentially enriching and isolating phosphopeptides from an astronomically large pool of phosphoand nonphosphopeptides in a digest. A major development in this field is the use of affinity-based chromatography with either immobilized antibodies (Gronborg et al., 2002) , IMAC Hoffert et al., 2006; Sun et al., 2005) , MOAC (Pinske et al., 2004; Wolschin and Weckwerth, 2005; Bahl et al., 2008) , strong cation exchangers (SCX) Fig. (2) . An illustration of a general LC-MS-based shot-gun phosphoproteomics. In this approach, enrichment and analysis take place at the phosphopeptide level (Beausoleil et al., 2004; Lim and Kassel, 2006) , or nanoparticles (Chen and Chen, 2005; Lo et al., 2007; Zhou et al., 2007; Wei et al., 2008) .
Immobilized Metal Ions Affinity Chromatography
Among all affinity methods, IMAC has been a major contributor to the success of proteome-wide profiling of phosphoproteins. Most preferred IMAC support is prepared by immobilizing Fe 3+ or Ga 3+ ions, both of which display high affinity for phosphopeptides through electrostatic interaction with the negatively-charged phosphate group. The use of Zr 4+ -and Al
3+
-IMAC adsorbents has also been demonstrated for selective enrichment of phosphopeptides . The metal cations are immobilized on a chromatographic support via chelation with either iminodiacetic acid or nitrilotriacetic acid. For actual separation, an acidic solution (pH < 3.5) of phosphopeptides is passed through the IMAC column, whereupon phosphopeptides are selectively trapped and unmodified peptides are collected in the flowthrough (Li and Dass, 1999) . After a series of low-pH washes, the bound phosphopeptides are eluted from the column with a basic solution (0.1 M ammonium bicarbonate). Nonspecific binding of acidic amino acid residues with immobilized metal ions has been a major concern of IMAC that can be addressed to some extent by working with low-pH solution (Hoffert and Knepper, 2008) or esterification of free COOH groups in peptides prior to IMAC separation (Ficcaro et al., 2002) . On-line coupling of Fe 3+ -IMAC with LC-ESI-MS/MS has also been demonstrated for simultaneous enrichment and detection of phosphopeptides .
Metal Oxide Affinity-Based Chromatography
MOAC is performed with columns packed with TiO 2 -, Al(OH) 3 -or ZrO 2 -coated beads (Sano and Nakamura, 2004; Larsen et al., 2005; Wolschin et al., 2005; Kweon and Hakansson, 2006; Xu et al., 2008) . These oxides exhibit binding specificity to phosphopeptides through bidentate interactions. To prevent non-specific binding of acidic residues, a quenching agent such as 2,5-dihydrobenzoic acid, phthalic acid, or ammonium glutamate is added to the binding and wash solutions.
Nanoparticles
TiO 2 and ZrO 2 have also been used in the nanoparticleformat for selective capture of phosphopeptides (Chen and Chen, 2005; Lo et al., 2007; Zhou et al., 2007; Wei et al., 2008) . For convenience, these oxides are coated over iron oxide magnetic nanoparticles. An additional benefit of these metal oxide-modified nanoparticles is that no further sample manipulation is required for MALDI-MS analysis of captured phosphopeptides as the nanoparticles can be directly applied to the sample probe (Chen and Chen, 2005; Tan et al., 2007) . Zirconium phosphonate-modified magnetic Fe 3 O 4 / SiO 2 core/shell nanoparticles have shown a great promise for selective capture of phosphopeptides (Zhao et al., 2008) .
SCX Chromatography
Selective isolation of phosphopeptides by SCX chromatography exploits the greater basicity of lysine, arginine and histidine residues relative to that of the phosphate group (Beausoleil et al., 2004; Lim and Kassel, 2006) . At low pH, the +2 or +3 charge state of tryptic peptides enforces strong binding with the negatively charged fixed groups of the SCX resin. Under the same solution conditions, phosphopeptides have one lower charge state for each phosphate group and thus interact with the SCX column very weakly. Consequently, they preferentially elute from the column in the void volume. Optimal performance of SCX, however, is manifested when it is combined with another orthogonal separation scheme such as 1-DE, IMAC, or MOAC (Lim and Kassel, 2006; Macek et al., 2007; Hoffert et al., 2007) .
Chemical Derivatization of Phosphopeptides
Another recent development that has gained acceptance is chemical derivatization of phosphopeptides for their enrichment. It involves attaching a unique chemical tag at the site of phosphorylation via -elimination/Michael addition type reactions followed by affinity chromatography (Oda et al., 2001; Goshe et al., 2001) . In one study, the phosphate group in phosphoserine-and phosphothreonine-containing peptides was replaced with 1,2-ethanedithiol, followed by attachment of biotin to the thiol group. The biotin-modified peptides get isolated using avidin column chromatography (Oda et al., 2001) . Owing to the strong biotin-avidin interaction, the recovery of biotin-tagged peptides is poor. To ameliorate the poor recovery problem, Jalili and Ball (2008) replaced the phosphate group with a reversible biotin-tag through a two-step -elimination/Michael addition reaction. Similar to the above procedure, the biotin-tagged peptides were also isolated by passing them through an avidin column, but for their elution the column was treated with a mild base, such as triethylamine; the tagged peptides are liberated as Gly-Cys derivatives, leaving the biotin spacer still attached to the column. The efficacy of this procedure for preferential enrichment/isolation of phosphopeptides is demonstrated in Fig. (3) , which shows MALDI mass spectra of tryptic digest of ovalbumin: (a) without derivatization/ enrichment, (b) after TiO 2 -enrichment of the digest, and (c) after derivatization with the biotin tag and avidin enrichment. The spectrum in Fig. (3c) is cleaner and mainly contains the Gly-Cys tagged peptides. In another study that was also designed to overcome the poor recovery problem of the biotin-tagged peptides, activated thiol resin was used in place of avidin and the introduced thiol tag also acted as a ligand that binds to the thiol resin (McLachlin and Chait, 2003) . A chemical tag that is applicable to all three phosphoresidues has been described (Zhou et al., 2001; Tao et al., 2005) . In this protocol, the derivatization involves covalent coupling of phosphopeptides to a polyamine dendrimer through phosphoramidate chemistry.
The enrichment of phosphopeptides in peptide digests has also been achieved with calcium phosphate precipitation (Xia et al., 2008) .
IDENTIFICTION OF PHOSPHOPEPTIDES
First important task in characterization of phosphopeptides is to confirm their identity. The following mass spectrometry strategies have emerged for this purpose:
Precursor-Ion Scanning
Current strategy for selective identification of phosphopeptides in a mixture of phospho-and nonphosphopeptides relies on monitoring of phosphopeptide-specific marker ions via precursor-ion scanning (PIS). This tandem mass spectrometry approach is useful for all three types of Ophosphorylated amino acids-containing peptides and involves recording the ion current due to m/z 79, which is formed by CID of the deprotonated phosphopeptide anion. The triple-sector quadrupole (TSQ) mass spectrometer is the preferred choice for these experiments (Carr et al., 1996; Wilm et al., 1996; Annan et al., 2001; Williamson et al., 2006) . The use of hybrid mass spectrometers such as quadrupole-time-of-flight (Bateman et al., 2002) and TSQ-linear ion tap (LIT) mass spectrometer (Williamson et al., 2006) has also been described. A PIS method is also in place for exclusive detection of phosphotyrosine-containing peptides; it is based upon monitoring in the positive-ion mode the immonium ion of m/z 216.043, which is formed as a result of CID of the protonated phosphopeptides (Steen et al., 2001) .
Derivatization Strategies
Derivatization strategies have been developed with the aim to facilitate the formation of marker ions. In one approach, phosphoserine and phosphothreonine residues are converted to S-pyridylethylcysteine and S-pyridylethyl--methylcysteine, respectively, using the base-catalyzedelimination of the phosphate group and Michael addition with 2-(4-pyridyl)ethanethiol. The thioether bond of these derivatives readily cleaves under CID to produce the pyridylethyl ion (C 5 H 4 N-CH 2 CH 2 + ) of m/z 106; the positiveion PIS of this marker ion selectively detects phosphoserineand phosphothreonine-containing peptides. In another similar approach, phosphopeptides are derivatized with 2-dimethylaminoethanethiol, followed by oxidation of the thioether derivative to sulfoxide. CID of this oxidation product generates a unique marker ion of m/z 122.06 throughelimination; monitoring of this ion via PIS selectively detects phosphopeptides .
Multiple-Reaction Monitoring
Phosphopeptides can also be selectively detected and quantified via multiple-reaction monitoring (MRM) mode of data collection (Unwin et al., 2005; Wolf-Yadlin et al., 2007) . It is also a tandem mass spectrometry technique, but rather than acquiring a full-scan product-ion spectrum, it records the ion current due to a few selected product ions exclusively formed from the mass-selected precursor ion (Dass, 2000 (Dass, , 2007 . The reporter ions can be chosen from the known sequence of a phosphopeptide; MRM yields enhanced signal-to-noise ratio as compared to a complete product-ion MS/MS spectrum. Fig. (3) . MALDI mass spectra of tryptic digest of ovalbumin: (a) without derivatization/enrichment, (b) after TiO 2 -enrichment of the digest, and (c) after derivatization with the biotin tag and avidin enrichment. The spectrum in Fig. (3c) is cleaner and mainly contains the Gly-Cystagged peptides. This work demonstrates the efficacy of the derivatization strategy for preferential enrichment/isolation of phosphopeptides. (Reproduced from Jalili and Ball, 2008 , with the permission of Elsevier).
Neutral-Loss Scanning
Monitoring of a characteristic neutral loss during the LC-MS/MS analysis of a protein digest is another convenient MS/MS approach to identify phosphopeptides (Schlosser et al., 2001) . Upon CID, all three types of O-phosphorylated peptides exhibit the loss of 98 Da via expulsion of H 3 PO 4 (and/or HPO 3 + H 2 O). The reaction is monitored in a TSQ mass spectrometer using neutral-loss scanning (NLS) of 98, 49, or 32.7 Da (for +1, +2, or +3 charge state peptide ions); to monitor these ions, the first and third quadrupoles are scanned simultaneously, but their fields are offset by a value that corresponds to the mass of the neutral loss (98 Da). Only phosphoamino acid-containing precursor ions reach the detector, thus providing a means of selective detection of phosphopeptides in a mixture.
IDENTIFICATION OF PHOSPHORYLATION SITES

Collision-Induced Dissociation MS/MS
After detecting phosphopeptides in the protein digest, next step is to identify the exact site of phosphorylation. For this, one needs to obtain the amino acid sequence-specific fragment ion information of phosphopeptides. The most frequently used approach is to submit the peptide to CID-MS/MS analysis. According to our current knowledge of fragmentation of non-phosphopeptide ions (Dass, 2000 (Dass, , 2007 (Dass, , 2009a (Dass, , 2009b , the b and y sequence-specific ions also dominate the CID spectra of phosphopeptides. The residue masses of phosphoserine, phosphothreonine, and phosphotyrosine are shifted to 167, 181, and 243 Da, respectively. Thus, on the basis of these unique masses, the exact site of phosphorylation can be ascertained quickly and accurately. A drawback of CID is that the (M + H) + ions of phosphopeptides, undergo a facile loss of H 3 PO 4 via -elimination (DeGnore and Quin, 1998; Moyer et al., 2002) . Because of the dominance of this neutral loss, the signal due to the sequence-specific ions is suppressed, leading to incomplete sequence ion information in the MS/MS (MS 2 ) spectrum. Loss of the phosphate group from b-and y-ions also complicates the assignment of sequence ions.
MS 3 Analysis
One proposal to overcome the effect of the 98 Da neutral loss is to acquire MS 3 spectrum of the neutral loss product (Wolschin and Weckwerth, 2005; Macek et al., 2007; Hoffert et al., 2007) . This MS n type of analysis is feasible in ion trap instruments. The operating software of the mass spectrometer automatically detects the neutral-loss ion and acquires its product ion spectrum. In contrast to the MS 2 spectrum, the MS 3 spectrum is overwhelmed by sequencespecific ions, which leads to identification of a greater number of phosphopeptides.
Manipulation of Fragmentation by Derivatization
Another approach to increase the visibility of the b and y sequence-specific ions and to provide complete sequence information is to manipulate the fragmentation pattern of phosphopeptides via charge derivatization or -elimination chemistry (Gronert et al., 2005; Steen and Mann, 2002; Jalili and Ball, 2008) . For example, the S-ethylcysteine and Sethyl--methylcysteine, derivatives of phosphoserine-and phosphothreonine-containing phosphopeptides undergo facile gas-phase -elimination reaction to produce more evenly distributed sequence-specific fragment ions. As shown in Fig. (4) , which is the ESI-CID-MS/MS spectrum of YKVPQ LEIVPNS(GC)AEER, a product of -casein, replacement of the phosphate group with Gly-Cys tag improves ionization efficiency and augments backbone fragmentation, resulting in increased sequence coverage (Jalili and Ball, 2008) .
Other Ion Activation and Fragmentation Methods
Electron-Capture Dissociation (ECD) and ElectronDetachment Dissociation (EDD)
ECD is a relatively newer ion activation method practiced primarily in the positive-ion mode with FT-ICR mass spectrometers (Stensballe et al., 2000; Shi et al., 2001) . Excitation of the ESI-generated (M + nH) n+ ions involves capture of an electron of nearly thermal energy (0 eV). During this process, there is a sudden transfer of nearly 5 eV energy, causing random cleavage of bonds all along the peptide backbone to produce c-and z • -type sequence-specific ions. ECD is much more useful for identifying the site of phosphorylation in peptides because the labile phosphate group does not dissociate from the sequence-related ions. Also, the sequence of the peptide has little influence on fragmentation of the peptide ion, which is solely driven by free-radical chemistry.
Conceptually, EDD is similar to ECD, except for the difference that excitation involves bombardment of multipledeprotonated anions with electrons of somewhat higher energies (> 10 eV) than used in the ECD process, resulting in the ejection of an electron from the precursor anion, leaving behind an electronically excited radical ion. Spontaneous fragmentation of the excited ion produces a-and x-type sequence-specific ions (Kjeldsen et al., 2008) . Similar to ECD, the labile phosphate group remains attached to the sequencespecific ions, leading to easy identification of phosphorylation sites.
Electron-Transfer Dissociation
ETD is also a newer mode of ion activation that has been popularized with LIT instruments (Syka et al., 2004; Molina et al., 2007) . Similar to ECD, the transfer of an electron from anthracene anions to the multiply protonated peptide cation induces fragmentation mainly in the peptide backbone to form sequence-specific c-and z • -type ions. ETD can also be performed in the negative-ion mode through an electrontransfer reaction of Xe +• with multiply deprotonated peptide anions (Coon et al., 2005) . Electron abstraction by Xe +• generates an odd-electron charge-reduced peptide ion, fragmentation of which produces a-and x-type sequence-specific ions. In both polarity modes, the phosphate group is preserved.
Infrared Multiphoton Dissociation
IRMPD is another ion activation method that will gain more attention in future for identification and sequence analysis of phosphopeptides (Crowe and Brodbelt, 2004; Flora and Muddiman, 2001) . It can be operated in either polarity mode; phosphopeptides are excited by irradiation with a beam of 10.6 μm-photons from a CO 2 laser. With the phosphate group acting as a chromophore for these photons, enough energy is absorbed by phosphopeptides inducing evenly distributed fragmentation all along the backbone. As a consequence, IRMPD provides more sequence coverage than is feasible with CID (Crowe and Brodbelt, 2004) .
Multi-Dimensional LC in Shotgun Proteomics
A major reason for the success of shotgun approach is the use of on-line coupling of multi-dimensional LC (MDLC) with MS/MS analysis (Motoyama and Yates, 2008) . By combining two or more orthogonal LCs, the peak capacity is substantially increased, resulting in better separation of peptides in the digest prior to their mass spectrometry analysis. Now, the ion suppression effect is minimized because peptides with differing polarity and hydrophobicity are well resolved. This improves the detection of phosphopeptides, which usually are minor components of the digest. Several combinations of MDLC have evolved, all with the aim to increase the total separation power and increase dynamic range of MS analysis. This kind of powerful MDLC system can be constructed by combining two orthogonal separation modes. A major consideration in choosing the final separation step of an MDLC system is if it is compatible with the ESI process. Because of its ability to desalt samples and provide high-resolution separation and compatibility of its solvents and buffers with the ESI-MS process, reversed-phase (RP)-LC is by and large the universal choice for the final step. The most frequently used front-end of the MDLC system is SCX chromatography. The other successful MDLC combination has been constructed with hydrophilic interaction chromatography in place of SCX; this mode is especially useful for resolving phosphopeptides (McNulty and Annan, 2008) . Several off-line MDLC systems, such as SCX-RPLC, IEF-RPLC, affinity-RPLC, and RPLC-RPLC (Jalili and Dass, 2005) , have also proven their usefulness in providing greater peak capacity, flexibility, and dynamic range of detection.
Database Search
Finally, with the fragmentation pattern information and defined specific criteria, database is searched to generate a list of potential phosphopeptides. Mascot, SEQUEST, OM-SSA, and X!TANDEM algorithms are more frequently used for this purpose. A more reliable list is obtained when more than one search algorithms are used. The operation of these search algorithms is similar to that used for identification of non-modified proteins, except that 80 Da is added to the residue mass of serine, threonine and tyrosine. Alternative strategies that use peptide sequence tags (Tabb et al., 2003) , InsPect (Tanner et al., 2005) , and spectral networks analysis (Bandeira et al., 2007) have been developed for more definitive identification of phosphopeptides. The resulting data sets obtained through the database search must be filtered to remove non-phosphopeptides and to estimate any falsepositive entries: two public domain algorithms, DTASelect and PhosphoPIC, are available for this purposes (Lu et al., 2007; Hoffert et al., 2007) . It is also recommended to verify the sequence of the identified phosphopeptide via manual de novo sequencing procedure to confirm that the site of phos- Fig. (4) . The ESI-CID-MS/MS spectrum of Gly-Cys-derivatized tryptic phosphopeptide of -casein, YKVPQLEIVPNS(GC)AEER. Replacement of the phosphate group with Gly-Cys augments backbone fragmentation, resulting in more evenly distributed sequence-specific fragment ions. (Reproduced from Jalili and Ball, 2008 , with the permission of Elsevier).
phorylation is correctly identified (Dass, 2007 (Dass, , 2009b . The search algorithms are also designed to reveal information about specific kinases and phospho-specific binding interactions.
DIFFERENTIAL PHOSPHOPROTEOMICS
Differential proteomics, also called quantitative proteomics, is a sub-field of proteomics that can provide differential expression of proteins in samples under different experimental conditions (Liang et al., 2008) . Differential expression of proteins is the result of dynamic nature of regulatory networks, different physiological states (e.g.; healthy vs. diseased subjects), and a stressed state induced by external stimuli (e.g., by drugs or toxins). Quantification of phosphorylation events is essential for understanding of signaling pathways and identification of all molecular species participating in signaling networks. Several strategies have been developed for quantitative proteomics (Dass, 2007) , of which the following ones have been adapted for differential expression of phosphoproteins required in functional proteomic experiments.
Quantification of Proteins by 2D-Differential Imaging Gel Electrophoresis
One of the successful approaches for quantification of phosphoproteins in biological samples is 2D-DIGE. In this purely gel-based approach, proteins are separated as usual by the 2-DE protocol and phosphoproteins are visualized by staining the gel with Pro-Q diamond fluorescent dye (Stasyk et al., 2002) . Next, to determine the expression of phosphoproteins relative to total proteins, all protein spots are visualized by staining with SYPRO Ruby dye. For further positive identification of phosphoproteins, in-gel digestion and subsequent MALDI-TOF analysis are performed.
Quantification of Phosphoproteins with the Stableisotope Labeling by Amino Acids in Cell Culture
Quantification of proteins by SILAC involves metabolic labeling of distinct populations of cell during growth of the cell culture in a medium that is enriched with either light isotope-containing or heavy isotope-containing amino acids (e.g., Lys or d 4 -Lys) (Ong et al., 2002) . The two labeled cell cultures are mixed in a 1:1 ratio, and proteins are extracted from the mixed culture, and digested with trypsin. Phosphopeptides are subsequently enriched and analyzed by LC-MS or LC-MS/MS. The signal intensities of the labeled and unlabeled peptides allow quantification of phosphoproteins.
Quantification of Proteins by iTRAQ TM Reagents
iTRAQ stands for isobaric tags for relative and absolute quantification; it uses a set of four isobaric amine-reactive reagents, consisting of a reporter group of a specific mass (114, 115, 116, or 117) , a balance group to make each tag isobaric, and a peptide reactive group (e.g., N-hydroxy succinimide) to label peptides; this procedure allows multiplexing of up to four different samples in a single experiment (Ross et al., 2004) . Reagents for multiplexing up to eight samples are also available. The protein digests from control and test samples are labeled with iTRAQ TM reagents to chemically tag the primary amino group of lysines and the N-terminus of peptides. These samples are combined and analyzed by LC-ESI-MS/MS to yield a spectrum that will contain eight distinct reporter ions in the eightplex-version; the relative abundances of these ions enable quantification of phosphoproteins. (Wolf-Yadlin et al., 2007; Schmelzle et al., 2006) .
Quantification of Proteins by the Label-Free Approach
It is also feasible to determine relative concentrations of proteins in two samples with the label-free approach (Bondarenko et al., 2002) . It entails measuring the signal intensities of the peptide ions in the extracted-ion chromatograms from two separate LC-MS experiments. To ensure that the ions selected in the two experiments are from the same peptide, the sample handling and LC-MS analysis conditions must be strictly controlled so that the ions selected have precisely the same m/z, charge, and retention time. For phosphoprotein quantification, QUOIL software program has been developed to handle large data sets (Hoffert et al., 2007) .
Absolute Quantification of Phosphoproteins
Determining the absolute amount of an analyte in a sample is a highly desirable goal (Pereira Navaza et al., 2008 ). An LC-ICP-MS protocol has been developed to achieve this goal. It requires adding a makeup flow with defined acetonitrile amount for maintaining stable 31 P sensitivity throughout the RP-LC gradient and use of bis(4-nitro-phenyl) phosphate as an internal standard. The use of microarrays for quantification of phosphoproteins has also been described (Korf et al., 2008) .
CONCLUSIONS
In conclusion, with developments in enrichment procedures and mass spectrometry detection of phosphopeptides, it has become feasible to analyze phosphoproteins on a proteome-wide scale. This article has presented a list of recent developments in the mass spectrometry approaches used for the analysis of phosphoproteins in biological specimens. The need for enrichment/isolation of phospho-species prior to mass spectrometry is critical for the success of these approaches. Several methods were discussed for this purpose. SCX is a simple approach, but more efficient when used in combination with another orthogonal approach. IMAC is the most frequently used enrichment technique, but has a tendency to enrich multiphosphorylated peptides. Although some strides have been made to address the problem of nonspecific binding of acidic amino acid residues with immobilized metal ions, this area may witness further improvements in the future. MOAC is complementary to IMAC in that it preferentially enriches singly phosphorylated peptides. LC-MS/MS is the method of choice for identification and detection of phosphopeptides. However, when CID is employed as an ion-activation method, it is advisable to acquire MS 3 spectrum also. This step imparts more confidence to phosphopeptides identification. Although in many cases, database searching with the MS 3 spectrum only would suffice in providing unambiguous identification, the use of both MS 2 and MS 3 spectra give added confidence. When the sample amount is large, replacing the phosphate group with a more stable species must be considered. CID of the derivatized peptides yields evenly distributed fragmentation that might help in identification of more number of phosphopeptides. Derivatization of peptides also provides enhanced recovery and cleaner separation of phosphopeptides. However, this additional step may result in unwanted side reactions. It is expected that in future better derivatization strategies will emerge that will provide more efficient separation of phosphopeptides. The use of ETD can also circumvent the drawback of CID, but this facility is not yet available widely. If ETD instrumentation is at the disposal, then the top-down proteomics can be attempted for identification of phosphoproteins, but this approach will succeed only when the protein is of small size. With the advancement in instrumentation, expanded role of the top-down approach is envisioned in the future. 
